titration of aqueous solutions of polyacrylic acid and commercial polyelectrolyte cement polymers with sodium hydroxide solution was carried out in the presence of different concentrations of Ca2+. Polyelectrolytes all behave as weak acids without the coexisting Ca2+. However, in the presence of Ca2+, in amounts over one-half of the equivalent amount to the carboxyl group in the polymer, they have a strong acid-like behavior.
INTRODUCTION
Adhesion of polyelectrolyte cement to tooth structure is known to be due to the chemical bond of the carboxylic acid residues of the cement polymer with the inorganic tooth substrate. Formation1,2) of an ion-bridge of the carboxyl group with Ca2+ in the tooth mineral, and chelation3) in which the adjacent two carboxylate groups coordinate with Ca2+ at the tooth surface, have been reported.
The mechanisms of the reactions, however, have not been clearly elucidated. It is believed that the reaction differs with the chemical structure of the polymer, pH of the cement slurry when it contacts on the tooth surface, and coexisting ions in the slurry. With respect to the effect of the pH during cementation, it is difficult to clarify this, since practical clinical conditions are difficult to duplicate experimentally.
In this paper, potentimetric titration of an aqueous solution of the polymer, which was extracted from the commercial cement liquid, was carried out with sodium hydroxide solution in the presence of different concentrations of Ca2+. And, the characteristics of the cement polymer as a polyelectrolyte in the aqueous media was discussed from the titration curves obtained, based on the relationship4) between the pH of the polyelectrolyte solution where Ko, e, k, T, and P are the inherent constant of electrolytic dissociation, unit charge, Boltzmann's constant, absolute temperature, and electrostatic potential in the area neighbouring the unionized carboxyl group due to the ionized groups, respectively. By means of equation (1), we can obtain the changes in the third term of the electrostatic potential by measuring the pH change due to titration, or the electrolytic dissociation. Moreover, as we discussed the molar fraction of the carboxylate ion in the polymer chain, which bonds to Ca2+, can be deduced by a graphical calculation of the titration curves according to the theory proposed by Tamaki et al5).
MATERIALS AND METHODS
A reagent grade of polyacrylic acid# and two commercial cement polymers, which were obtained from cement liquids$ according to the method described below, were used as polyelectrolyte samples; the cement liquid was dropped into the n-hexane/butyl alcoholmixed solution (1/1), and the resulting precipitation was separated by decantation. The codes described in the parentheses following the brand names in the footnotes were specified on the samples.
Polyelectrolyte samples were dried in vacuo for 24 hours and left to stand in a desiccator over one day before use. An 0.01N aqueous solution of polyacrylic acid was prepared. With respect to the aqueous solution of the cement polymers, the normality can not be defined from the concentration by weight, because the chemical structure can not be determined exactly. Then, the 0.01N aqueous solution for each cement polymer was prepared for convenience on the assumption that their structures were the same as that of the polyacrylic acid. The infrared spectra of the polymers are shown in Fig. 1 . The spectra all feature the strong absorption band (1720cm-1) assigned to carboxylic acid.
Potentiometric titration of a 60ml sample solution was carried out with a 0.1 N NaOH solution, in the presence of different concentrations of Ca(NO3)2: Ca2+ concentrations were 0.001N, 0.002N, 0.004N, 0.006N, 0.01N, and 0.04N. The changes in pH with titration were measured with a pH meter*. During titration Ar gas was passed into the sample solution to eliminate the influence of CO2 and stirred with a magnetic stirrer. pKo +0.434eP/kT, which refers to the electrostatic potential of the polyelectrolyte solution, was calculated using equation (1) 
DISCUSSION
The equivalent amount of 0.1 N NaOH solution titrated to the PA solution is consistent with the stoichiometric density of the carboxyl group in polyacrylic acid. For both G-II and S-F, the equivalent amounts showed that they have less ionizable groups in their polymer chains than the polyacrylic acid. And, it is obvious from the titration curves (Fig. 2) that both the cement polymers behave as typical weak acid-type polyelectrolytes similar to polyacrylic acid.
In any polymer solution, the gradient of the titration curve in early stage decreases with an increase in the concentration of the coexisting Ca2+. The titration curves for the solutions, including over one-half of the equivalent Ca2+, are similar to each other, which indicates strong acid-like characteristics.
Therefore, coexisting Ca2+ apparently make the carboxyl groups easy to ionize during neutralization. However, in the PA solution which included more than an equivalent of Ca2+, the observed equivalence point moved to a point lower than the stoichiometric point. That is, the activity of the hydronium ions liberated from carboxyl groups markedly decreased under the presence of excess Ca2+. We suggest that this result confirms that the hydronium ion is confined in the polymer gel.
In Fig. 3 , the electrostatic potentials for PA, G-II, and S-F all rise linearly with an increase in the degree of electrolytic dissociation. This suggests that the polymers have a high attraction to counter ions with strong positive charges such as Ca2+ when they are partially neutralized. Accordingly, the potentials decrease with the concentration of Ca2+ as is seen in Fig. 3 . The increase in the potential with the degree of electrolytic dissociation is small in the solution that includes over one-half of the equivalent Ca2+; this is attributed to bonding between most of the carboxylate ions and Ca2+. And, the potential level is slightly lower when the concentration of Ca2+ coexists in excess.
Tamaki et al.5) introduced a graphical calculation method to deduce the molar fraction of the carboxylate group that has bonded with the copper ions in the polyacrylic acid solution, using the titration curve. The method was applied here to deduce the molar fraction of the carboxylate group that had bonded with Ca2+ in the present systems. Figure 4 shows the molar fraction of the calcium carboxylate, (COOH)b, obtained. In this system the calcium carboxylate is in one of two forms: is the cement liquid itself and "pH 3" is the liquid partially neutralized to pH 3.0.
where ( ) gives the activity of each ion written within, and Ct is the total concentration of the carboxyl group in the chain. (COOH)b increases linearly with the electrolytic dissociation in the system with a higher concentration of Ca2+, and for>0.004 N; and the gradient is about one-half. This means that about one-half of the carboxylate ions dissociated are capable of bonding with Ca2+, so 0.006 N Ca2+ is sufficient for reaction.
On the other hand, (COOH)b in the solutions with low calcium concentrations of 0.001 N and 0.002 N increases slowly with the degree of electrolytic dissociation, and it reaches the maximum followed by a decrease. The dependence of (COOH)b in these systems on the concentration of the coexisting Ca2+ can be attributed to the net amount of Ca2+ capable of bonding with the carboxylate ion under the presence of the sodium ion supplied by titration.
An additional experiment was performed to understand the effect of the partial neutralization of the cement liquid on the reactivity between the cement polymer and the tooth structure in a technique previously reported6,7). That is, the suspension of the enamel powder in the diluted cement liquid was stirred for 10 min at room temperature. After centrifuging, the precipitate was rinsed out 5 times with distilled water and dried in vacuo. The infrared spectrum of the precipitate was measured by the KBr tablet method. Figure 5 shows the infrared spectra of the dental enamel powder treated with two kinds of cement liquids; one is the commercial cement liquid itself &, and the other is the same liquid partially neutralized with a NaOH solution to pH=3.0. The spectrum for the enamel powder treated with the former liquid has an absorption band arising not from the cement polymer, but from the enamel apatite. However, the treatment with the latter liquid gives absorption bands which are assigned to the carboxylate salt (1590cm-1)8) in the spectrum.
It is considered from these results that the ionized carboxylate residue plays an important role in the adhesion of polyelectrolyte cement to tooth structure. In clinical use, after mixing the cement liquid with the powder, the carboxyl groups ionize during the setting reaction, and a chemical bond between the polymer and the tooth structure would hereby be probable.
CONCLUSION

Potentiometric
titration of an aqueous solution of a polyelectrolyte cement polymer with a sodium hydroxide solution was performed in the presence of different concentrations of Ca2+. As a result, we have concluded that the carboxyl groups in the polymer chain had a high reactivity to coexisting Ca2+ when they were partially neutralized by the alkaline solution.
And this is strong evidence supporting polyelectrolyte cement as an adhesion mechanism to tooth structure.
